Environmental signals in the cellular milieu such as hypoxia, growth factors, extracellular matrix (ECM), or cell-surface molecules on adjacent cells can activate signaling pathways that communicate the state of the environment to the nucleus. Several groups have evaluated gene expression or signaling pathways in response to increasing cell density as an in vitro surrogate for in vivo cell-cell interactions. These studies have also perhaps assumed that cells grown at various densities in standard in vitro incubator conditions do not have dierent pericellular oxygen levels. However, pericellular hypoxia can be induced by increasing cell density, which can exert profound in¯uences on the target cell lines and may explain a number of ®ndings previously attributed to normoxic cell-cell interactions. Thus, we ®rst sought to test the hypothesis that cell-cell interactions as evaluated by the surrogate approach of increasing in vitro cell density in routine normoxic culture conditions results in pericellular hypoxia in prostate cancer cells. Second, we sought to evaluate whether such interactions aect transcription mediated by the hypoxia response element (HRE). Thirdly, we sought to elucidate the signal transduction pathways mediating the induction of HRE in response to cell density induced pericellular hypoxia in routine normoxic culture conditions. Our results indicate that paracrine cell interactions can induce nuclear localization of HIF1a protein and this translocation is associated with strong stimulation of the HRE-reporter activity. We also make the novel observation that cell density-induced activity of the HRE is dependent on nitric oxide production, which acts as a diusible paracrine factor secreted by densely cultured cells. These results suggest that paracrine cell interactions associated with pericellular hypoxia lead to the physiological induction of HRE activity via the cooperative action of Ras, MEK1, HIF1a via pericellular diusion of nitric oxide. In addition, these results highlight the importance of examining pericellular hypoxia as a possible stimulus in experiments involving in vitro cell density manipulation even in routine normoxic culture conditions. Oncogene (2001) 20, 7624 ± 7634.
Introduction
Hypoxia is a feature of both physiological (Guillemin and Krasnow, 1997) and pathophysiological processes (Moulder and Rockwell, 1984; Silverstein et al., 1988; Sutherland, 1988) It is well appreciated that tumor cells can become hypoxic both in vitro (Groebe and Vaupel, 1988) and in vitro (Metzen et al., 1995) and that the former can be a signi®cant obstacle to successful cancer treatments. Mammalian cells express multiple genes encoding proteins that mediate essential adaptive responses to hypoxia, including Erythropoietin (EPO) and vascular endothelial growth factor (VEGF) (Carmeliet et al., 1998; Ryan et al., 1998) . Analysis of the 3'-¯anking region of the EPO gene (Semenza et al., 1991) led to the identi®cation of *50-bp sequence that functions as a hypoxia response element (HRE). Hypoxia-inducible factor-1 (HIF-1) is a nuclear factor whose DNA binding activity is induced by hypoxia and results in HIF-1 binding at a site in the EPO gene enhancer that is required for hypoxic activation of transcription (Wang and Semenza, 1993) . In addition, HIF-1 DNA binding activity is also induced by hypoxia in a variety of mammalian cell lines in which the EPO gene is not transcribed (Wang and Semenza, 1993) . Cloning of HIF-1 revealed that this transcription factor is a heterodimer of HIF-1a (M r *120 kDa) and HIF-1b (M r *91 ± 94 kDa) (Wang and Semenza, 1995) .
Several signal transduction cascades appear to aect HIF-1. Recent studies demonstrated that under hypoxic conditions the extracellular regulated kinase (ERK1) is phosphorylated (Minet et al., 2000) and the activated ERK, is in turn, able to directly phosphorylate the carboxyl-terminal domain of HIF-1a (Minet et al., 2000; Richard et al., 1999) . Mazure et al. (1996) demonstrated that under low oxygen conditions, VEGF induction is inhibited in the cells expressing a mutant inhibitory allele of Ha-Ras (RasN17). Moreover, Ras-transformed cells do not appear to use the downstream eector c-Raf-1 or MAPK in signaling VEGF induction by hypoxia (Mazure et al., 1997) . Instead, the hypoxic induction of VEGF in this setting was due to the activity of the PI 3-kinase/Akt pathway acting on the HRE found in the VEGF promoter (Mazure et al., 1997) . In addition, Zhong et al. (2000) found that HIF-1a expression was inhibited under normoxic and hypoxic conditions by PI 3-kinase inhibitors. Hypoxia can lead to nitric oxide (NO) production via the induction of type II nitric oxide synthase (iNOS) by HIF-1 (Jung et al., 2000) . NO in turn appears to suppress HIF-1a expression and HIF-1 DNA binding activity (Huang et al., 1999) indicating the existence of a self-regulating feedback loop. In contrast, Kimura et al. (2000) have recently demonstrated that VEGF gene transcription is activated by NO as well as by hypoxia via a HIF-1 binding site and an adjacent ancillary sequence within the HRE of the VEGF promoter. Taking together, these results indicate that signi®cant cross talk can occur among multiple signaling pathways leading to a downstream integration of several simultaneously occurring extracellular signals such as paracrine cell interactions and hypoxia.
Environmental signals in the cellular milieu such as hypoxia, growth factors, extracellular matrix (ECM), or cell-surface molecules on adjacent cells can activate signaling pathways that communicate the state of the environment to the nucleus. Over the past few years, several groups have studied the signal transduction pathways and the resulting gene expression pro®les in response to increasing cell density as an in vitro surrogate for cell-cell interactions in vivo (Batt and Roberts, 1998; Bedrin et al., 1997; Cornwell et al., 1994; Kobayashi et al., 1997; Leung et al., 1998; Li and Goldstein, 1996; Mukhopadhyay et al., 1998; Perkinson et al., 1996; Polk et al., 1995; Posern et al., 1998; Rouquette et al., 1997; Singh et al., 1996) . Many of these studies were premised by the fact that cell-cell interactions were important in tumor growth and progression (Cornil et al., 1991; and therefore signal transduction pathways leading to the regulation of gene expression subsequent to these interactions may be important targets for future therapeutics. In their design, these studies have also perhaps assumed that cells grown at various densities in standard in vitro incubator conditions do not have dierent pericellular oxygen levels. However, the notion that pericellular hypoxia can be induced by increasing cell density is not new (Werrlein and Glinos, 1974) and has been further examined in several recent studies (Tokuda et al., 2000) . Such pericellular hypoxia, may have exerted profound in¯uences on the target cell lines and may explain a number of the ®ndings in the above publications separate from the other possible eects that cell-cell interaction may have in the various systems.
In the present work we tested the hypothesis that cell-cell interactions as evaluated by the surrogate approach of increasing in vitro cell density in routine normoxic culture conditions results in pericellular hypoxia. Second, we sought to evaluate whether such interactions aect transcription mediated by the hypoxia response element (HRE). Finally, we sought to elucidate the paracrine and intracellular mediators responsible the induction of HRE in response to cell density induced pericellular hypoxia in routine normoxic culture conditions. Our results indicate that paracrine cell interactions can induce nuclear localization of HIF-1a protein and this translocation is associated with strong stimulation of the HRE-reporter activity. We also make the novel observation that cell density-induced activity of the HRE is dependent on nitric oxide production, which acts as a diusible factor secreted by densely cultured cells. These results suggest that paracrine cell interactions associated with pericellular hypoxia lead to the physiological induction of HRE activity via the cooperative action of Ras, p38 kinase, MEK1, HIF-1a and nitric oxide. In addition, these results highlight the importance of examining pericellular hypoxia as a possible stimulus in experiments involving in vitro cell density manipulation even in routine normoxic culture conditions.
Results

HIF-1a protein expression and HRE reporter activity are regulated by cell density
To determine if increasing cell density can aect HIF-1a, we prepared crude nuclear extracts from LNCaP and PC3 cells, plated at sparse (10 6 cells/ 100 mm plate) and dense (10 6 cells/34.8 mm plate) conditions. As shown in Figure 1a , HIF-1a protein is expressed in both cell lines and the expression is increased in con¯uent cells. There is a signi®cant induction of nuclear HIF-1a in dense LNCaP cells compared to sparse, which express very low levels of this protein. In PC3, the basal expression of HIF-1a was higher than that of LNCaP, and while it increased somewhat in dense cells, this increase was far less than that observed in LNCaP. In order to determine if the density-dependent nuclear accumulation of HIF-1a protein is associated with HIF-1 biological activity, we transiently transfected the HRE reporter construct known to bind HIF-1 heterodimer during hypoxic conditions (Semenza et al., 1991) , into LNCaP and PC3 cells. Cells were allowed to recover for 24 h, then trypsinized and re-plated at either sparse or con¯uent densities. After 48 h of incubation, cells were harvested and assayed for luciferase activity. As shown in Figure  1b , LNCaP and PC3 cells exhibit density-dependent induction of the HRE under normal tissue culture conditions of 20% O 2 and 5% CO 2 . A 150 ± 250-fold induction was observed in LNCaP cells while the magnitude of this HRE induction was only 1.8 ± 2-fold in PC3 cells. Interestingly, the baseline induction of the HRE construct was signi®cantly higher in PC3 cells than their LNCaP counterparts (3060+79 RLU vs 126+26 RLU). The fold induction mirrored the Oncogene Paracrine cell-cell interactions lead to induction of HIF-1 via NO EA Sheta et al change in nuclear HIF-1 levels in response to cell density observed on the Western blots and demonstrated a higher level of HRE activity in sparse PC3 cells relative to their LNCaP counterparts.
To determine whether plating the cells at high cell density results in localized hypoxic conditions, we measured the pO 2 level close to the surface of the plated cells after 48 h of incubation. Results indicated that pO 2 for sparse and dense LNCaP cells was 13% (96 mmHg) and 9% (70 mmHg), respectively. Growth media placed in a 6-well plate and equilibrated in the incubator had a measured pO 2 of 16% (116 mmHg). These values suggest that although some changes in pO 2 occur near the cell surface these changes are small and are not as low as those usually used to experimentally induce hypoxic responses (Hockel and Vaupel, 2001) . However, to determine whether even this change in pO 2 level observed with increased density is necessary for the cell density induction of HRE, we have repeated the experiment described in Figure 1b with two maneuvers to diminish the pO 2 gradient, namely gentle shaking and incubation in 95% oxygen. Data shown in Figure 2a suggests that the formation of a pO 2 gradient is an important component in the cell density mediated interactions resulting in HRE induction.
HIF-1a integrates HRE activation from both cell density and chemically induced hypoxic stimuli
To verify that the cell density-dependent induction of HRE is modulated by HIF-1a, we co-transfected wild type or dominant negative HIF-1a with the HREreporter construct in LNCaP. 10 6 cells were plated in 100 mm (sparse) and 34.8 mm (dense) plates. The HRE activity in sparse cells was signi®cantly reduced (data not shown) by co-transfection of dominant negative 6 cells in 100 mm (sparse) and 34.8 mm (dense) plates. Cells were incubated for 48 h and then harvested. Nuclear (N) and cytoplasmic (C) fractions were separated and Western blot were performed as mentioned under Materials and methods. The blots were probed with anti-HIF-1a antibodies and subsequently with antibodies against a-tubulin and histone H1 (H1) antibodies in order to con®rm separation of cytoplasmic and nuclear proteins, respectively. Positive control (+ve ctrl) sample was HeLa cells treated with CoCl 2 provided by the manufacturer. (b) Cells were transiently transfected with 2 mg of the HREreporter construct. Twenty-four hours following transfection, cells were trypsinized and 10 6 cells were plated in 100 mm plate (sparse) and 34.8 mm plate (dense). Cells were incubated for a further of 48 h, then lysed and assayed for F-luc activity. Each sample was determined in triplicate. Error bars represent one standard deviation from the mean. Data are representative of three independent experiments with similar results Figure 2 HIF-1a modulation of HRE activity. (a) To determine whether pO 2 levels play a role in the cell-cell contact induction of HRE in LNCaP cells, we carried out the experiment described in Figure 1b with two maneuvers to diminish the pO 2 gradients in the tissue culture medium, namely gentle shaking of the tissue culture plate or incubation in 95% Oxygen/5% CO 2 . Fold induction is calculated with respect to sparse cells incubated as in Figure 1b . (b) LNCaP cells were transiently co-transfected with 2 mg of the HRE-reporter construct and 3 mg of the HIF-1a wild type or dominant negative. The empty pcDNA3 vector was used to equalize the total amount of the DNA transfected. Cells were then plated and incubated as in Figure 1b . Fold induction is calculated with respect to sparse cells transfected with vector. Error bars represent one standard deviation from the mean. Data are representative of three independent experiments with similar results HIF-1a and the density dependent induction was signi®cantly blunted (Figure 2b ). Interestingly, transfection of wild type HIF-1a enhanced the HREreporter activity in both sparse and dense cells as compared to control (empty vector), but did not augment the density dependent induction of HRE ( Figure 2b ). This suggests that the cell density dependent HRE induction is not signi®cantly limited by the total levels of HIF-1a present endogenously in the cell, but instead these levels need to be functionally activated by extracellular signals.
The iron chelator, 2,2'-dipyridyl (DP) (Lomonosova et al., 1998) was used as a chemical simulator of hypoxia in LNCaP cells to determine if hypoxic type stimuli can further contribute to the induction of the HRE reporter in the context of increasing cell density. Although not truly identical to the hypoxia stimulus, such iron chelators are commonly used in the study of hypoxia response pathways (Melillo et al., 1997) . The activity of the HRE construct was titratably enhanced by the DP (data not shown) in both sparse and dense conditions. To further demonstrate that the eect of DP on the HRE activity is through HIF-1a, the activity of the HRE construct co-transfected with HIF1a dominant negative and exposed to 80 mM of DP was evaluated. In these conditions, HRE was signi®cantly suppressed in both sparsely and densely plated cells (data not shown). In addition, exposure of densely plated LNCaP cells to deferoxamine increased the HRE luciferase activity by 18-fold (data not shown). Taken together with the above results, we conclude that the pericellular hypoxia induced by increasing cell density is not sucient for maximal induction of the HRE which can be further enhanced by chemical mimics of hypoxia such as DP and deferoxamine.
Ras and MAPK modulate induction of HRE activity by cell density
Ras (Mazure et al., 1996 (Mazure et al., , 1997 and MAP kinase (Minet et al., 2000; Richard et al., 1999) activity are required for the hypoxic activity of HIF-1a. Therefore, we sought to determine whether these genes are also necessary for the transduction of paracrine cell signals to the HRE. RasN17 (dominant negative) and RasV12 (constitutively active) constructs in pEXV and activated MEK1 and dominant negative MEK1 expression constructs have been previously described (Catling et al., 1995; Hartsough et al., 1996) . Co-transfection of either RasN17 or RasV12 with HRE reporter signi®cantly aects its activity. As shown in Figure 3a , RasV12 remarkably enhances the activity of the HRE in both sparsely and densely plated cells. To evaluate whether RasN17 transfection resulted in a titratable inhibition of HRE activity in response to cell density, we transfected progressively larger amounts of RasN17 into cells while maintaining the total transfected DNA and HRE reporter DNA constant. RasN17 appeared to inhibit the density-induced HRE activity (Figure 3a , inset). These results indicate that Ras activity is essential for the cell density HIF-1 mediated induction of HRE. To demonstrate epistasis between Ras and HIF-1, we co-transfected the HRE-reporter construct with RasV12 in LNCaP cells, and titrated the HRE induced activity by increasing amounts of HIF-1a dominant negative. As shown in Figure 3b , dominant negative HIF-1a suppressed the HRE-induced activity in both sparse and dense cells suggesting that Ras is upstream of HIF-1a. In addition, comparison of Figure  3a with Figure 3b reveals that HRE induction is titratable with increasing the amount of RasV12 (6 mg in Figure 3a compared to 1 mg in Figure 3b ).
Recent reports indicate that MAPK activity is required for the hypoxic induced activity of HIF-1a probably via ERK (MAPK) phosphorylation of HIF-1a (Minet et al., 2000; Richard et al., 1999) . Therefore, we co-transfected LNCaP with HREreporter and activated or dominant negative MEK1. As shown in Figure 4a , activated MEK1 strongly enhanced the HRE activity while titration with dominant negative MEK1 signi®cantly suppressed the density-induced activity (Figure 4a, inset) . We further con®rmed these results by applying speci®c MAP kinase pathway inhibitors to LNCaP cell transfected with HRE-reporter and plated at high density, using PD98059, the MEK activation inhibitor (Alessi et al., 1995; Pang et al., 1995) and the speci®c MEK blocker U0126 (DeSilva et al., 1998) . Both drugs signi®cantly reduced density induced HRE activity in a dosedependent fashion (Figure 4b) . SB203580, the speci®c p38 MAPK inhibitor also reduced density induced HRE activity, suggesting the involvement of p38 kinase in modulating the densitydependent activity of HRE. However, while the induction of the HRE activity in the sparse cells by RasV12 was signi®cantly reduced by the use of the speci®c MEK blocker, UO126, it was not inhibited by the p38 MAPK inhibitor, SB203580 (Figure 4c ), suggesting that p38 kinase and Ras-MEK signaling pathways are both required for the density-dependent induction of HIF-1a activity.
The density-induced activity of the HRE is a function of a diffusible factor
We next sought to evaluate the possibility that cell density HRE induction is mediated by a diusible factor. Therefore, we incubated a ®xed number (1.5610 5 cell/34.8 mm well) of sparsely plated HRE transfected LNCaP cells with increasing numbers of non-transfected cells, separated by a transwell membrane. Cells were incubated for 48 h before harvesting. As shown in Figure 5a , the HRE-reporter activity is enhanced up to 70-fold by increasing the cell number in the transwell. The observed activity of the HRE reporter was also associated with a signi®cant accumulation of nuclear HIF-1a protein in LNCaP cells (Figure 5b ). This eect was not observed with PC3 cells and this may be due to the enhanced basal activity of the HRE construct in the sparse PC3 cells (data not shown).
Nitric oxide synthase inhibitors reduce cell density mediated induction of the HRE reporter Nitric oxide (NO) has been reported to induce gene transcription (Kimura et al., 2000) . Therefore, we sought to test the hypothesis that NO production by the dense cells is required for HRE reporter activation. LNCaP cells transfected with the HRE-reporter construct were incubated with a non-transfected densely plated layer of cells placed in an upper chamber transwell for 24 h just as in Figure 5a . Then fresh media was added to both cell populations with and without NO synthase (NOS) inhibitors and cells were incubated for further 24 h before harvesting. As shown in Figure 6a , NOS speci®c inhibitors ITU and L-NAME signi®cantly suppressed the diusible factorinduced activity of the HRE. In addition, applying the ITU and L-NAME to densely plated HRE transfected LNCaP cells reduces the density-induced HRE activity (Figure 6b, inset) .
Conversely, diusible factor-induced activity in sparse LNCaP cells was signi®cantly stimulated by the NO-releasing agent NOC-18 (Figure 6a, inset) , implying that NO is a major signaling intermediate responsible for HRE induction due to cell density. To con®rm that NO is a major diusible factor under these conditions, LnCaP cells transfected with HRE reporter were exposed to carboxy-PTIO (Amano and Noda, 1995) and the non-cell permeable oxyhemoglobin (Yoshimoto et al., 1995) as potent NO scavengers. Transfected and non-transfected cells were plated separately as in Figure 5a . After 24 h, transwells containing the non-transfected dense cells were placed on top of the HRE-transfected cells. Fresh media were added to both cell population with and without the NO scavengers and cells were incubated for further 24 h. As shown in Figure 6b , the induction of HRE activity was signi®cantly reduced by both compounds, implicating NO as the main diusible factor regulating HRE activity.
It is known that NO has a very short half-life (t * 4 s) Kharitonov et al., 1999) and binding to thiol groups extends its half-life by forming nitrosothiols (Minamiyama et al., 1997) . In order to characterize the kinetics of the eect NO/diusible factor has on HRE activity, we exposed LNCaP cells, transfected with HRE-reporter construct and plated at sparse density, to a non-transfected dense layer of the same cells, separated in the transwell as in Figure 5a . Cells were incubated for 24 h in order to allow for the release of NO/diusible factor in the conditioned media. Then the transwells, which include the inducer cells, were removed from the incubation, while keeping the original media bathing the HRE transfected cells in the bottom layer. Replica plated samples of the sparse cells were taken at 3 h intervals for HRE reporter analysis. As shown in Figure 6c , the induced activity of the NO/diusible factor starts to decline after 6 h and thus would appear to be much longer than the half-life of NO suggesting that the downstream signals induced by NO are much longer lasting than the half life of this molecule.
Our last experiment sought to de®ne whether the Ras and HIF dependencies are functioning upstream of NOS induction or in the NO responding cells with elevated HRE or both. Sparse cells transfected with RasV12 can induce the co-transfected HRE reporter but this is not inhibited by ITU or L-NAME ( Figure  7a ). In addition, when transfected, densely grown cells containing RasV12, with or without HIFdn were placed in the upper chamber of a transwell with sparse HRE reporter transfected cells containing either control plasmid or HIFdn, reduction of HRE activity was seen in both situation (Figure 7b ). This indicated that Ras activity can act both upstream of NOS and in the NO responding cells.
Discussion
There is good evidence that increasing cell density of monolayer cultures can induce pericellular hypoxic conditions even when cells are grown in standard normoxic fashion (Tokuda et al., 2000; Werrlein and Glinos, 1974) . However these hypoxic conditions are much less severe than those induced by growing the cells in the commonly used 1% oxygen incubator environment used to induce hypoxia in many studies. We sought to evaluate the molecular implications of this phenomenon and understand the signaling pathways mediated by this pericellular eect. We have evaluated the response of an HRE reporter to increasing cell density under normal culture conditions and determined some of the signaling pathways necessary to mediate this eect. Our study indicates Non transfected LNCaP cells were plated in both the upper and lower chambers as described in (a) above and incubated for 48 h before harvesting. Nuclear (N) and cytoplasmic (C) fractions were separated and Western blot for HIF-1a and histone H1 (H1) were performed as described in Figure 1b on cells from the upper chamber. Data is a representative of two independent experiments with similar results
Oncogene
Paracrine cell-cell interactions lead to induction of HIF-1 via NO EA Sheta et al that HIF-1a protein is induced by cell density in prostate cancer cell lines with a low malignant potential, such as LNCaP, and this induction is associated with enhanced activity of the HRE reporter. Conversely, this density induction is minimal in aggressive and androgen refractory PC3 cells, probably due to the already high constitutive expression of HIF-1a in sparsely plated cells. The observed correlation between MAPK activity and human prostate cancer grade and stage (Gioeli et al., 1999) , taken Figure 1b . After 24 h, fresh media were added containing NOS inhibitors. Dense cells were maintained under normal culture condition (20% O 2 +5% CO 2 ) while sparse cells were exposed to hypoxic treatment of 1% O 2 +5% CO 2 . Cells were maintained in these conditions for 24 h before harvesting. Proportionate inhibition is normalized to the value of dense cells without the drug (inset), while fold induction due to hypoxia is shown for sparse cells normalized to cells without drug. (c) HRE transfected LNCaP cells were plated sparsely and incubated 24 h with 10 6 inducer layer cells in the transwell. Inducer cells were then removed and replica plates of transfected cells were harvested at the indicated time points. Parallel samples of transfected cells, which were not exposed to inducer cells, were run as controls together with our data showing involvement of the MAPK pathways in HRE induction, suggests a link between the constitutive stimulation of HRE elements and prostate tumor progression. The remarkable inhibition of the HRE-reporter activity in dense cells by dominant negative forms of HIF-1a suggests HIF-1 is involved in transducing both paracrine cell interactions and hypoxic stimuli. It has been reported that LNCaP and PC3 cells express HIF-1 DNA-binding activity at higher levels when cultured at low density compared with high density (Zhong et al., 1998) . While these results appear to be incongruous to those presented here, this discrepancy is likely due to signi®cant methodological dierences between the two studies.
c-Src, Ras, and MAP kinase have been implicated in transduction of hypoxic signals (Mazure et al., 1996; Minet et al., 2000; Richard et al., 1999) but no direct evidence links these pathways to the transcriptional activation of HRE in non hypoxic culture conditions. In the present study, we demonstrate that Ras and MAP kinase modulate the activity of the HRE construct activity in response to cell density. Activated MEK1 and RasV12 both stimulated the activity of the HRE in sparse cells while dominant negative MEK1 and RasN17 suppressed the density-induced HRE activity. In addition, Ras appears to be upstream of HIF-1 in the pathway since Ras-induced HRE activity is inhibited by dominant negative HIF-1a. Interestingly, while the Ras-induced HRE activity is inhibited by MEK speci®c inhibitor UO126, it is not inhibited by the p38 inhibitor SB203580, a drug that still inhibits the density-induced activity of HRE. These results suggest that cell density may activate p38 and MEK pathways in parallel and that both are essential elements in HIF-1 mediated cell density dependent HRE activation. Two recent studies have supported the role of Ras and MEK in HIF-1 regulation in hypoxic conditions. Zhong et al. (2000) showed that activity of Ras is essential for signaling to HIF-1a expression in PC3 cells and this signaling is inhibited under hypoxic conditions by PI 3-kinase inhibitors, wild type PTEN, dominant negative AKT and FRAP inhibitor. In addition, Salceda et al. (1997) showed that MEK1 inhibition impaired the HIF-1 induced transactivation but did not inhibit its DNA binding activity.
Con¯uent cell cultures can often produce factors, such as TGF-b, that inhibit a variety of malignant cell phenotypes by down-regulating gene expression (Baird and Durkin, 1986; Sun et al., 1994) . In addition, there is evidence that con¯uent cells even in monolayer cultures (Metzen et al., 1995) can produce a gradient of pO 2 in the culture media and in turn be aected by such reductions in pO 2 . Results presented here suggest that cancer cells in this state can also induce genes that can provide them with increased survival potential in the tumor microenvironment. As such, the cell density mediated induction of HIF-1a protein and subsequent increased HRE activity in response to relative pericellular hypoxia and diusible factors produced by con¯uent cells, can induce an adaptive and protective gene expression pro®le via a ®nal common pathway involving nitric oxide.
Recent reports indicate that hypoxia induces transcriptional activation of type II NOS (iNOS) gene expression in pulmonary artery and cardiac myocytes (Huang et al., 1999; Jung et al., 2000; via expression of HIF-1. In addition, soluble cytokines such as Interleukin-1b (IL1b) induced iNOS gene and protein expression in cardiac myocytes in normoxic conditions and this is further augmented by hypoxia (Jung et al., 2000) . In the present study, we demonstrate that density-dependent release of diusible factor induces nuclear HIF-1a protein in sparse cells under normal culture conditions and that such induction is associated with enhanced activity of the HRE reporter. In addition, we show that this induction is blocked by two dierent speci®c NOS inhibitors while being enhanced in sparse cells by the NO-releasing compound, NOC-18. These ®ndings implicate NO as an important signaling mediator of paracrine cell interactions. The use of the non-cell permeable oxyhemoglobin as a potent NO scavenger indicates that NO is most likely the main diusible factor. Knowing the short halflife of NO, we were interested to know how long the diusible factor-stimulated HRE induction would last. Interestingly, the signal enhanced by the diusible factor started to decline after 6 h and remained signi®cantly higher than that of non-stimulated cells after 12 h. This long decay in the HRE activity after the withdrawal of the inducer layer may re¯ect the half-lives of activated intermediate signaling molecules, participating in a cascade initiated by NO.
In conclusion, we have demonstrated how Ras, MEK, MAPK and HIF-1a can mediate the activity of HRE in response to NO as a diusible factor secreted by densely cultured cells in standard culture conditions. This signaling cascade demonstrates how malignant cells can capitalize on even minimal degrees of hypoxia to invoke production of paracrine factors such as NO, in the pericellular microenvironment, resulting in enhanced transcriptional activity of elements found in genes known to confer survival or growth advantage in vivo. In addition, it also shows how the repertoire of intracellular signaling molecules can integrate the biological outcomes generated by dierent extracellular regulatory stimuli (hypoxia, cellcell communication via paracrine eects or cell-cell contact, etc) by using a ®nal common signaling pathway such as HIF-1 to regulate gene expression. Finally, these results highlight the importance of examining pericellular hypoxia as a possible stimulus in experiments involving in vitro cell density manipulation even in routine normoxic culture conditions.
Materials and methods
Plasmid DNA constructs
Plasmid DNA was prepared by the`EndoFree Plasmid Maxi kit' from Qiagen (Valencia, CA, USA) using the manufacOncogene Paracrine cell-cell interactions lead to induction of HIF-1 via NO EA Sheta et al turer's procedure. The HRE construct in pGL2-promoter vector, was constructed by blunt-end cloning of the insert into the SmaI site and replacing the SV40 early promoter with a rat myosin heavy chain minimal promoter. The HIF1a dependent reporter construct pNK136 contains the following human HIF-1 enhancer sequence from the 3'-region of the EPO gene: 5'-GGATCCACCC-TA CG TGCT GTCT CACA CAGC CTGT CTGA CCTC TC-GACCTACCGGCGGATCC-3' (Semenza and Wang, 1992 ). An insert consisting of four of these sequences separated by BamHI sites was cloned into the SmaI site of a pGL2-Promoter luciferase vector (Promega, Madison, WI, USA), followed by replacement of the SV40 early promoter of the vector with a rat myosin heavy chain minimal promoter (Prentice et al., 1997) . The wild type HIF-1a expression construct consists of a 2.4 kb NheI/XhoI fragment inserted into a pCEP4 vector while the HIF-1a dominant negative construct is a 1.1 kb fragment inserted into the same vector using the same restriction sites (Forsythe et al., 1996) . RasN17 (dominant negative) and RasV12 (constitutively active) constructs in pEXV and activated MEK1 and dominant negative MEK1 expression constructs have been previously described (Catling et al., 1995; Hartsough et al., 1996) . The empty pcDNA3 vector was used to equalize the total amount of the DNA transfected in all experiments including those samples containing`vector alone'.
Cell culture, density assay, transfection and reporter assays LNCaP and PC3 human prostate cells and their culture conditions for passage were previously described (Sheta et al., 2000) . DNA transfections were performed by lipofectin (Weijerman et al., 1994) . Following transfection, cells were allowed to recover for 24 h prior to all assays. Cells were plated at a concentration of 10 6 cells in 100 mm plates (to simulate a`sparse' condition since at this cell number there is essentially no cell-cell contact) and in 34.8 mm plates (to simulate a`dense' condition since at this cell number the cells are con¯uent and there is complete cell-cell contact). Cells were incubated in these conditions in a 5% CO 2 incubator with room air (i.e. 21% Oxygen) for 48 h without any medium changes and then harvested. The timing of the application of pharmacological agents is described in the ®gure legends. To determine whether pO 2 levels play a role in the cell-cell contact induction of HRE, we carried out the experiment described above with two maneuvers to diminish the pO 2 gradients in the tissue culture medium: (1) gentle shaking of the tissue culture plate (60 r.p.m.) in a 5% CO 2 incubator with room air (i.e. 21% Oxygen); (2) incubation in 95% Oxygen/5% CO 2 .
To determine the HRE-promoter activity, cells were lysed in Passive Lysis Buer (Promega) and assayed for ®re¯y luciferase (F-luc) according to the promega Luciferase assay kit instructions in a Turner Designs (Sunnyvale, CA, USA) TD-20/20 luminometer. The luciferase activity was recorded as Relative Light Units (RLU). To evaluate the possibility of a diusible factor, as the mediator of the cell density HRE induction in target cells, we separated the transfected cells from the non-transfected ones by a permeable transwell membrane (Corning Costar, Cambridge, MA, USA). The mesh size of this membrane (0.4 mm) allows diusion of growth factors but not cell passage.
pO 2 measurements
An ISO 2 isolated dissolved oxygen meter and OXEL-1 electrode (World Precision Instruments, Inc., Sarasota, FL, USA) were used to measure the partial pressure of oxygen in the media immediately above monolayer cultures of LNCaP cells growing in T media for 48 h supplemented with 5% fetal bovine serum (FBS). This instrument was ®rst calibrated by the following method. T media, lacking FBS, was warmed to 378C and the oxygen driven o by bubbling nitrogen through it for 1 h. The oxygen content of this media was measured by a RAPIDLAB 248 pH/blood gas analyser (Chiron Diagnostic Ltd., UK) and determined to be 42 mmHg. Correcting for ambient atmospheric pressure this corresponds to 6% oxygen. To O 2 electrode was then immersed in this same liquid and the zero adjusted to 6%. In the same manner, T media with air bubbled through it had a pO 2 of 151 mmHg (20%) and the dissolved oxygen meter was calibrated to this measurement when the electrode was immersed in the same sample. Once calibrated, the electrode was positioned approximately 0.5 mm from the bottom of the tissue culture dish situated in a 5% CO 2 incubator at 378C. After allowing the meter to equilibrate 30 min, the per cent O 2 was recorded.
Nuclear extraction and Western blotting
Cells were washed three times with chilled PBS and harvested by scraping with an equal volume of PBS followed by centrifugation at 1000 g for 5 min at 48C. The PBS was aspirated and cells were lysed in PBS containing 0.5% Igapal, a cocktail of protease inhibitors and a cocktail of phosphatase inhibitors (Sigma, St Louis, MO, USA). Cells were mixed with the lysis buer by pipetting up and down ®ve times and placed on ice for 3 ± 5 min. Aliquots from total lysate were taken, spun down with the supernatant representing the cytoplasmic fraction. A volume of *500 ml of 1 M sucrose in 16PBS, including the protease and phosphatase inhibitors, were placed at the bottom of the cell lysate and immediately centrifuged at 16 000 g for 10 min. The supernatant was removed and an equal volume of boiling loading buer, containing freshly added 2% bMercaptoethanol, was immediately added to the nuclear and cytoplasmic fractions, boiled for 10 min, followed by sonication. The extracts were frozen at ± 708C or used to determine protein concentration.
Protein concentrations were determined using Nano Orange (Molecular Probe, Eugene, OR, USA). The¯uores-cence of the complex was measured by a Molecular Dynamics Biolumin 960 kinetic¯uorescence/absorbance microplate reader using the accompanying software package, X-periment' v1.1.0 (Molecular Dynamics, Sunnyvale, CA, USA). An equal amount of protein was loaded on precast 10 ± 20% gradient SDS ± PAGE (Bio-Rad, Hercules, CA, USA) gels. Proteins were transferred to Immobilone-P membrane (Millipore, Bedford, MA, USA) and HIF-1a was detected using mouse IgG HIF-1aAb (BD Transduction Labs, Franklin Lakes, NJ, USA) followed by Goat antimouse Horseradish peroxidase conjugated antibody (Pierce, Rockford, IL, USA). Antibodies against a-tubulin and histone H1 antibodies were also obtained from BD Transduction Labs. Chemiluminescent detection was carried out using SuperSignal West Femto reagents according to the manufacturer's directions (Pierce).
Pharmacological inhibitors and growth factors
Treatment of cells with drugs was carried out 6 h prior to assaying the cells for HRE-reporter activity. At this time point, the media was removed and replaced with that containing the pharmacologic inhibitors at the concentrations indicated in the ®gure legends. PD098059 (Alessi et al., 1995) , a speci®c inhibitor of MEK1/2 activation was purchased from Promega (Madison, WI, USA), U0126 (DeSilva et al., 1998) , an inhibitor of MEK activity was purchased from Promega, and SB203580 , a speci®c inhibitor of p38 MAPK, was purchased from A. G. Scienti®c (San Diego, CA, USA). The 2,2'-dipyridyl, (2-aminoethyl)-isothiourea and nitro-L-arginine methyl ester were purchased from Sigma. NOC-18 from Allisa Corp. (San Diego, CA, USA) was a gift from Dr Lisa Palmer, Department of Pediatrics, University of Virginia. The 2-(4-Carboxyphenyl)-4,4,5,5,-tetramethylimidazoline-1-oxyl-3-oxide (Carboxy-PTIO) (Amano and Noda, 1995) was purchased from Fisher Scienti®c (Pittsburgh, PA, USA). Oxyhemoglobin was a generous gift from Dr Bettie Sue Masters, Department of Biochemistry, University of Texas at San Antonio.
Statistical analysis
All assays were performed using triplicate samples and error bars represent one standard deviation from the mean. Fold induction is calculated with respect to the control group, in experiments where this group has the lowest reporter activity.
Proportionate inhibition is calculated with respect to the control group, in experiments where this group has the highest reporter activity. Figures consist of a representative experiment carried out at least 2 ± 3 times with similar results. Data were plotted and statistical analysis was accomplished using the STATISTICA for Windows computer program (StatSoft, Inc. Tulsa, OK, USA).
